A transport equation for the intermittency factor is employed to predict transitional flows under the effects of pressure gradients, freestream turbulence intensities, Reynolds number variations, flow separation and reattachment, and unsteady wake-blade interactions representing diverse operating conditions encountered in low-pressure turbines. The intermittent behaviour of the transitional flows is taken into account and incorporated into computations by modifying the eddy viscosity, µ τ , with the intermittency factor, γ. Turbulent quantities are predicted by using Menter's two-equation turbulence model (SST). The onset location of transition is obtained from correlations based on boundary-layer momentum thickness, accelaration parameter, and turbulence intensity. The intermittency factor is obtained from a transport model which can produce both the experimentally observed streamwise variation of intermittency and a realistic profile in the cross stream direction.
NOMENCLATURE
y n u τ /ν γ intermittency factor θ momentum thickness λ θ pressure gradient parameter, (θ 2 /ν)(dU/ds) µ molecular viscosity µ t eddy viscosity µ µ/ρ ν t µ t /ρ ρ density σ spot propagation parameter
INTRODUCTION
Flows in low-pressure turbines involve complex interplays of several physical mechanisms such as laminar or turbulent flow separation, wake/boundary-layer interactions, and flow transition. At a given instant the boundary layer over a low-pressure turbine blade may experience one or more modes of transition including bypass transition, separated flow transition, wake-induced periodic transition, and relaminarisation. These transitional flows are affected by freestream turbulence, diverse pressure gradients, wide range of Reynolds numbers, flow separation, and unsteady wake-boundary-layer interactions. Accurate prediction of this type of complex flows has great importance in design of more efficient jet engines. In low pressure turbines, unpredicted losses and substantial drops in efficiency have been observed at high altitudes and cruise speeds which correspond to low Reynolds number conditions (1) (2) (3) . These drops in efficiency and increase in fuel consumption are direct consequences of flow separation on the suction side of the turbine blades. At low Reynolds number conditions the flow over the blades is essentially laminar and susceptible to separation on the aft part of the suction surface due to adverse pressure gradients. For Reynolds numbers lower than 200,000, nearly 300% rise in loss coefficients were observed due to flow separation (4) . In order to calculate the losses and heat transfer on various components of gas turbine engines, and to be able to improve component efficiencies and reduce losses through better designs, accurate prediction of development of transitional boundary layers is essential (1) .
In modelling transitional flows one successful approach is to incorporate the concept of intermittency into computations. This can be done by multiplying the eddy viscosity obtained from a turbulence model, µ t , used in the diffusive parts of the mean flow equations, by the intermittency factor (5) , γ. This method can be easily incorporated into any Reynolds Averaged Navier Stokes solver. In this approach, the intermittency factor, γ can be obtained from an empirical relation such as the generalised intermittency distribution correlation of Dhawan and Narasimha (6) , improved correlations of Gostelow et al (7) or Solomon et al (8) . The effects of freestream turbulence intensity and pressure gradients on transition can be incorporated into computations by formulating intermittency distribution in terms of those parameters. Alternatively, the intermittency factor can be obtained from a transport model.
Steelant and Dick (9) developed a transport equation for intermittency, which reproduced the γ distribution of Dhawan and Narasimha (6) across the transition region. Steelant and Dick used their model, coupled with two sets of conditioned Navier-Stokes equations, to predict transitional flows with zero, favorable, and adverse pressure gradients. However, since their technique involved the solution of two sets of strongly coupled equations, the method is not compatible with existing CFD codes, in which only one set of Navier-Stokes equations is involved. Moreover, the model was designed to provide a realistic streamwise γ behaviour but with no consideration of the variation of γ in the crossstream direction. Experimental studies indicate that the intermittency is a function of both the streamwise distance and the distance normal to the surface. The profile in cross-stream direction has a peak near the wall and decay to zero near the edge of the boundary layer (1) .
The κ-ε-γ turbulence model developed by Cho and Chung (10) for free shear flows explicitly incorporates the intermittency effect into the conventional κ-ε model equations by introducing an additional transport equation for γ. They applied this model to compute a plane jet, a round jet, a plane far wake, and a plane mixing layer with good agreements. Although this method was not designed to reproduce flow transition it provided a realistic profile of γ in the cross-stream direction. In order to extend the model's superior free shear flow performance to wall bounded shear flows Drikakis and Goldberg (11) introduced a Low-Re version of the κ-ε-γ model and used the new model in computations of channel flow, flat plate flow, and flow over a slanted backward-facing step with success.
Suzen and Huang (12) developed an intermittency transport equation combining the best properties of Steelant and Dick's model and Cho and Chung's model. The model reproduces the streamwise intermittency distribution of Dhawan and Narasimha (6) and also produces a realistic variation of intermittency in the cross-stream direction. In their approach, Suzen and Huang (12) used the intermittency transport model to obtain the intermittency distribution for the transitional flows with the onset of transition defined from correlations based on momentum thickness, accelaration parameter, and turbulence intensity. Depending on whether the flow is attached or separated the onset of transition is determined using attached-flow or separated-flow transition onset correlations. Although its dependence on the boundary-layer momentum thickness limits its extension to three dimensional applications and unstructured grids, the intermittency model and the accompanying correlations have been sucessfully applied to a wide range of low-pressure turbine flows indicating that the intermittency transport modelling approach provides an accurate and practical computational tool for transitional flow simulations.
In this paper, a comprehensive overview of the validation of the intermittency transport model against a wide range of benchmark lowpressure turbine experiments is presented. The model has been validated against T3-series experiments of Savill (13, 14) , low-pressure turbine experiments of Simon et al (15) and separated and transitional boundary-layer experiments of Volino and Hultgren (16) , PAK-B cascade experiments of Lake et al (3, 17) , Huang et al (18) , Volino (19) , wake-blade interaction experiments of Kaszeta et al (20, 21) , and Stieger (22) with success (12, (23) (24) (25) (26) (27) (28) (29) (30) . These experiments represent a wide range of low pressure turbine operating conditions and include effects of pressure gradients, freestream turbulence intensities, Reynolds numbers, flow separation, and unsteadiness on transition. The application of the intermittency transport model to these experiments has been described fully in literature (12, (23) (24) (25) (26) (27) (28) (29) (30) and in this paper the results have been summarised in order to provide an overall review of the predicting capabilities of the model for transitional lowpressure turbine flows.
In the next section, the intermittency transport model is presented and implementation of the model and the empirical correlations employed for the onset of transition are described. In Section 3, the results for simulations of benchmark experiments using intermittency transport model are given and conclusions are provided in Section 4.
INTERMITTENCY TRANSPORT MODEL
The model blends the transport equation models of Steelant and Dick (9) and Cho and Chung (10) into one transport equation to combine the desired properties of each model, namely the ability to produce the streamwise γ distribution of Dhawan and Narasimha (6) and to provide a realistic variation of intermittency in the cross-stream direction. Details of the development and implementation of the transport model are given in Suzen and Huang (12, 23, 24) , Suzen et al (28) . The model equation is given by:
The distributed breakdown function, f(s) has the form:
where s′ = s -s t , and s is the distance along the streamline coordinate, and s t is the transition location. The coefficients are;
In these definitions n is the turbulent spot generation rate and σ is Emmons' dimensionless spot propagation rate. The shear stresses are defined as:
The blending function F is constructed using a nondimensional parameter, k/Wν where k is the turbulent kinetic energy and W is the magnitude of the vorticity. The blending function has the form:
The model constants used in Equation 1 are:
Initially γ is set to zero throughout the flowfield. On solid wall boundaries the value of γ is kept as zero; at the freestream, a zero gradient of γ is assumed and on outflow boundaries γ is extrapolated from inside the domain to the outer boundaries. The intermittency is incorporated into the computations simply by multiplying the eddy viscosity obtained from a turbulence model, µ t , by the intermittency factor, γ. Simon and Stephens (5) showed that by combining the two sets of conditioned Navier-Stokes equations and making the assumption that the Reynolds stresses in the nonturbulent part are negligible, the intermittency can be incorporated into the computations by using the eddy viscosity, µ t * which is obtained by multiplying the eddy viscosity from a turbulence model, µ t , with the intermittency factor, γ. That is, is used in the mean low equations. It must be noted that γ does not appear in the generation term of the turbulent kinetic energy equations.
In using this intermittency approach, the turbulence model selected to obtain µ t must produce fully turbulent features before transition location in order to allow the intermittency to have full control of the transitional behaviour. Menter's (31) SST model satisfies this requirement. It produces almost fully turbulent flow in the leading edge of the boundary layer and therefore it is used as a baseline model to compute µ t and other turbulent quantities in the computations (28) .
The value of nσ used in evaluating the constants given by Equation (3) is provided by the following correlation for zero pressure gradient flows (28) ;
When flows are subject to pressure gradients, the following correlation is used:
with M defined as:
where, (nσ) ZPG is the value for flow at zero pressure gradient and can be obtained from Equation (7) and K t = (v/U t 2 )dU/dx) t is the flow acceleration parameter. The favourable-pressure gradient part of the above correlation (for K t > 0) is from Steelant and Dick (9) . The portion of the correlation for adverse pressure gradient flows for K t < 0, is formulated using the transition data of Gostelow et al (7) and Simon et al (15) in Suzen et al (28) .
The current approach uses the intermittency transport model to obtain the intermittency distribution for the transitional flows, while the onset of transition is defined by correlations. Attached-flow transition onset correlation or separated-flow transition onset correlation is used depending on whether the flow is attached or separated. The onset of attached flow transition is determined by the following correlation in terms of turbulence intensity, Tu, and the acceleration parameter, K t , where K t was chosen as the maximum absolute value of that parameter in the downstream deceleration region (28) . This correlation maintains the good features of Abu-Ghannam and Shaw (32) correlation in the adverse pressure gradient region and in addition it reflects the fact that the flow becomes less likely to have transition when subject to favorable pressure gradients by rapidly rising as K t becomes positive.
In order to determine the onset of separated flow transition Re st is expressed in terms of the turbulence intensity (Tu) and the momentum thickness Reynolds number at the point of separation Re θs in the form (27) ;
This correlation provides a better representation of the experimental data than Davis et al (33) correlation and is used to predict onset of separated flow transition in the present computations.
The production term of the intermittency transport model requires calculation of streamwise distance. For simple blade geometries streamwise distance from transition onset point can be calculated based on blade geometry, however, for complex geometries this task may become difficult. In order to eliminate the difficulties associated with calculating the streamwise distance from geometric information alone we developed a transport equation for streamwise distance s. The derivation of the s equation is given below.
Streamwise distance s is defined as: If s′ is less than or equal to zero the production term of the intermittency model becomes zero, keeping flow laminar upstream of transition onset point.
Initially, the intermittency model had been implemented into TURCOM code developed by Huang and Coakley (34) and validated against low-pressure turbine experiments of Simon et al (15) and separated and transitional boundary-layer experiment Volino and Hultgren (16) , (Suzen et al (26, 28) ). Computations of the rest of the experiments are performed using a recently developed multi-block Navier-Stokes solver, called GHOST, developed at University of Kentucky by George Huang. GHOST is a pressure-based code based on SIMPLE (semi-implicit method for pressure-linked equation) algorithm with second order accuracy in both time and space. Advection terms are approximated by a QUICK (quadratic upstream interpolation for convection kinematic) scheme and central differencing is used for the viscous terms. The 'Rhie and Chow' momentum interpolation method (35) is employed to avoid checkerboard oscillations usually associated with the non-staggered grid arrangement. This code is capable of handling complex geometries, moving, and overset grids and includes multiprocessor computation capability using MPI (message passing interface). Since multiple ( ) ( )
. . . (16) processors are used during the computations, it is more efficient to divide the computational domain into several smaller pieces with very fine grids and distribute the zones to processors with the consideration of load balancing. This code has been used extensively in a recent turbulence model validation effort (Hsu et al (36) ) and simulations of a wide range of low pressure turbine flows (Suzen and Huang (25) , Suzen et al (30) ) conducted at University of Kentucky. All calculations shown in this work employed Menter's twoequation SST turbulence model (31) for computation of turbulent quantities. The final grid systems used for the simulations have been obtained by conducting grid refinement studies in order to ensure that the results presented are grid independent solutions (Suzen and Huang (24) , Suzen et al (28) , Suzen et al (29) ). In all simulations the grid systems used have first y + less then 0⋅5 near solid walls.
SIMULATIONS OF LOW-PRESSURE TURBINE BENCHMARK EXPERIMENTS
In the development and validation of the intermittency transport model several low-pressure turbine benchmark test cases ranging from flat plate experiments to unsteady wake-blade interaction experiments were considered. These benchmark experiments representing a wide range of low-pressure turbine operating conditions were chosen to test and validate the predicting capabilities of the intermittency model under diverse flow conditions including the effects of pressure gradients, turbulence intensities, Reynolds number variations, flow separation and reattachment, and unsteady wake-blade interactions.
The following experiments have been used in model development and validation:
• ERCOFTAC benchmarks, Savill (13, 14) • low-pressure turbine experiments of Simon et al (15) • separated and transitional boundary-layer experiments of Volino and Hultgren (16) • PAK-B blade cascade experiments of Lake et al (3, 17) • PAK-B blade cascade experiments of Huang et al (18) • PAK-B blade experiments of Volino (19) • Unsteady wake-blade interaction experiments of Kaszeta et al (20, 21) • Unsteady wake-blade interaction experiments of Stieger (22) The details and results from simulations of these experiments are described in the next sections. (13, 14) Initial development and validation of the intermittency model was accomplished using the ERCOFTAC transitional flow benchmark cases assembled by Savill (13, 14) . These experiments were specifically designed to test the ability of turbulence models to predict the effects of freestream turbulence on the development and subsequent transition of a laminar boundary layer under zero and varying pressure gradient conditions. Figure 1 shows the skin friction coefficient comparison of the computations using the intermittency transport equation coupled with Menter's SST turbulence model (ITE + Menter SST) against experimental data along with predictions of pure turbulence models for T3A case. T3A is a zero pressure gradient case with freestream turbulence intensity of 3⋅35% at the leading edge of the plate. Figure 2 shows comparisons for T3C2 case, which is a variable pressure gradient case with freestream turbulence intensity of 2⋅8%. For both cases the agreement with the experimental data is very good. The comparisons shown in Figs 1 and 2 illustrate the predicting capabilities of the intermittency transport model under effects of freestream turbulence intensities, zero and variable pressure gradients. The details of model development and validation using ERCOFTAC benchmarks including comparisons with algebraic intermittency models are given in Suzen and Huang (12, 23, 24) . (15) Next, the intermittency model is applied to predict the low pressure turbine experiments of Simon et al (15) under a wide range of flow conditions. These experiments were conducted to investigate the effect of freestream turbulence intensity and Reynolds number on flow separation and transition in low-pressure turbines.
ERCOFTAC benchmarks, Savill

Low-pressure turbine experiments of Simon et al
The test section includes a single PAK-B blade passage. Experiments were conducted for a wide range of Reynolds numbers
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and freestream turbulence intensities. For computations, two freestream turbulence intensity values were considered: one with FSTI = 10% and the other with FSTI = 2⋅5%. For the cases with FSTI = 10%, three Reynolds numbers were chosen, Re = 50,000, 100,000, and 200,000 and for the FSTI = 2.5% cases, Reynolds numbers selected were, Re = 100,000, 200,000, and 300,000. These cases were selected to test the model's ability in capturing the desired behaviour of flow pattern variations caused by the changes in flow conditions. Figure 3 shows the comparison of velocity profiles for all measured stations obtained by the current transition model with two other 'pure' turbulence model predictions -one with the LaunderSharma κ-ε model (37) and the other with the SST model. The experimental flow with Re = 100,000 and FSTI = 10% has been chosen for comparison. Computations using SST model predicted too early transition to turbulence and as a consequence predicted no flow separation. On the other hand, although the κ-ε model predicted the upstream development of the flow very well, the velocity profiles in the downstream portion were poorly represented. Overall, the current transition model showed the best performance throughout the aerofoil suction surface. Figure 4 shows velocity vectors and streamlines against changes of FSTI and Reynolds number predicted by the intermittency approach. Note that these plots were magnified by a factor of eight in the cross-stream direction. The predicted onset position of transition for each flow was denoted by t in the insets of Fig. 4 .
For the low Reynolds number case (Re = 50,000 and FSTI = 10%), the flow exhibits a remarkable separation region that begins in a location between the P8 and P9 stations and extends to the P12 station (Figure 4a) , and transition occurs between the P9 and P10 positions in the separation bubble. By keeping FSTI the same while increasing Re to 100,000, it is observed that the transition onset moves upstream (still between the P9 and P10 positions), and the separation bubble is suppressed (Fig. 4(b) ). If Re is increased to 200,000 while keeping the same FSTI, the prediction shows that the transition onset moves even further upstream (before the P8 position), and the separation bubble disappears, whereas the experiment shows a tiny and thin separation (Fig. 4(c) ). On the other hand, if Reynolds number Re is kept at 200,000 while dropping FSTI from 10 to 2⋅5%, the transition onset moves downstream close to the P10 position, and separation bubble re-appears (Fig. 4(e) ). By keeping the same value of FSTI while increasing Reynolds number from 200,000 to 300,000 the transition onset moves upstream again to approximately the P8 position and the separation bubble again disappears (Fig. 4(f) ). On the other hand, if Reynolds number is decreased from 200,000 to 100,000, the transition onset point moves downstream to a location between stations P10 and P11 and the separation bubble becomes larger (Fig. 4(d) ). Figure 5 shows comparisons of computed pressure coefficient distribution, freestream velocity distribution, and velocity profiles at 12 stations along the suction surface against experimental data for Re = 200,000 and freestream turbulence intensity (FSTI) of 10%. In this case, the onset of transition was located just before the P8 station, which is the farthest upstream position for all of the cases. As can be seen from the comparison of the pressure coefficient distribution shown in Fig. 5(a) , there is no apparent pressure plateau. Fig. 5(b) shows that the predicted variation of the freestream velocity is in excellent agreement with the data. The velocity profiles on the suction surface are predicted reasonably well, as can be seen from Figs 5(c) and 5(d).
The computations using intermittency transport model captured the complex interactions between flow separation and transition observed in the experiments. The good agreement between the computations and the experiments demonstrates the capability of the (16) .
intermittency model in predicting transitional flows in the lowpressure turbine over a range of Reynolds number and FSTI flow conditions. Further detailed results and comparisons for the experiments of Simon et al (15) are given in Suzen et al (26, 28) .
Separated and transitional boundary-layer experiments Volino and Hultgren (16)
Next set of experiments considered for testing and validation of the transition model are the experiments of Volino and Hultgren (16) . These experiments investigated the effects of freestream turbulence and Reynolds number on separated and transitional boundary layers under low-pressure turbine aerofoil conditions. In the experiments, a flat plate boundary layer subject to a streamwise pressure gradient was studied. The superimposed pressure gradients were produced by attaching a two-dimensional contoured shape to the wall opposite to the test surface and by applying suction on the contoured wall. The resultant pressure profile represents that on the suction side of the Pak-B aerofoil. The experiments covered a range of flow conditions including Reynolds numbers between 50,000 and 300,000 and freestream turbulence intensities between 0⋅2% and 7%. These cases cover a realistic range of operating conditions from takeoff to cruise. On the test wall, velocity, turbulent kinetic energy and intermittency profiles were measured at fourteen streamwise stations. In the measurements, quantities such as skin friction coefficients, transition start and end locations, and the locations of separation and reattachment were also determined. Further details of the measurements and experimental data are given by Volino and Hultgren (16) . These experiments provide a good set of data for the development and validation of models for flow transition. The experiment considered in this study involves two different Reynolds numbers, Re = 300,000 and Re = 50,000 (based on nominal exit velocity and wetted plate length) and two freestream turbulence intensities, FSTI = 7% and FSTI = 0⋅2%. Figure 6 depicts the dynamic interplay between transition and separation when subject to variations in Reynolds number and freestream turbulence effects. In this figure the insets s and t denote the onset of separation and transition, respectively and the inset r denotes the reattachment point. The first case considered is with Re = 300,000 and FSTI = 7%. For this case, the transition position is at x/L=0⋅66 and only a tiny flow separation is observed near x/L = 0⋅7. As the Reynolds number is decreased from 300,000 to 50,000 while keeping the freestream turbulence intensity the same, the onset of transition is delayed until x/L = 0⋅85. As a result of the delay of the transition, a sizable flow separation is encountered between x/L = 0⋅7 and x/L = 1⋅0.
On the other hand, when the turbulence intensity is decreased from 7% to 0⋅2% while the Reynolds number is maintained at 300,000, the transition onset is delayed until x/L = 0⋅79. As a result, a small but visible separation bubble is observed in the vicinity of x/L = 0⋅75. The last case involved a simultaneous decrease of Reynolds number and freestream turbulence intensity, from 300,000 to 50,000 and from 7% to 0⋅2%, respectively. In this case the onset of transition is delayed to x/L = 1⋅03 and a massive separation extending from x/L = 0⋅7 to x/L = 1⋅25 is observed. The current prediction accurately captured the above-mentioned dynamic behaviour of the interaction between transition and separation when subject to changes in Reynolds number and freestream turbulence intensity conditions.
In order to illustrate the predicting capabilities of the intermittency model, comparisons of computed results and experiment for Re = 50,000, FSTI = 7% are shown in Figs 7 and 8. The pressure coefficient distribution is compared to experiment in Fig. 7(a) . The agreement with the experiment is good except in the region after x/L = 0⋅95, where it can be seen that the pressure coefficient is slightly under predicted indicating that the streamwise velocity distribution These computations demonstrate the versatility of the transition model for flows under diverse conditions. Detailed results and comparisons for the experiments of Volino and Hultgren (16) including intermittency profiles are given in Suzen et al (27, 29) .
PAK-B blade cascade experiments of Lake et al (3,17)
Lake et al (3, 17) conducted experiments on the PAK-B blade in order to identify methods for reducing separation losses on low-pressure turbine blades under low Reynolds number conditions. In the experiments, they investigated flows at low Reynolds numbers of 43,000, 86,000, and 172,000 based on inlet velocity and axial chord and freestream turbulence intensities of 1% and 4%. These conditions are similar to those encountered at high altitude, low speed flight of reconnaissance unmanned aerial vehicles used by USAF. Measurements were made on unmodified (baseline) and modified PAK-B blade. For the unmodified blade, surface pressure coefficients, boundary-layer velocity and turbulence profiles, total pressure loss data were obtained.
The intermittency model is applied to predict the PAK-B blade experiments of Lake et al (3, 17) . In the computations flows at Reynolds numbers of 86,000, and 172,000 based on inlet velocity and axial chord with freestream intensities of 1% and 4% were investigated. The Reynolds numbers correspond to 205,000 and 409,000 based on the exit velocity and suction surface length.
The first cases considered correspond to Re = 172,000 with two freestream turbulence intensities. The computed pressure coefficient distributions are compared to experiment for freestream turbulence intensities of 4% and 1% in Figs 9(a) and 9(b) , respectively. In the figures, the experimental distributions correspond to the measurements Figure 9 . Comparison of computed pressure coefficient distributions with experiments of Lake et al (3, 17) .
made on test blades 4 and 6. For the high turbulence intensity, FSTI = 4%, flow separation is observed on the suction surface at x/L x = 0⋅73 in computations compared to the experimental location of x/L x = 0⋅78 and the onset of transition is at x/L x = 0⋅8 in the computations. The computed pressure coefficient distribution compares well with the experimental data as shown in Fig. 9(a) . For FSTI=1%, the flow separates on the suction surface at x/L x = 0⋅72 and the onset of transition is computed to be at x/L x = 0⋅8. In the experiment flow separation takes place at x/L x = 0⋅75 and the extent of separation bubble is larger than the one observed in the computation. This is evident in Fig. 9(b) from the pressure plateau between x/L x = 0⋅73 and x/L x = 0⋅83 in the experimental C p distribution. The onset of transition location is not available from the experiments.
Next, Reynolds number is reduced to 86,000 and the computed pressure coefficient distributions for FSTI = 4% and FSTI = 1% are compared to experiment in Figs 9(c) and 9(d), respectively. For both cases the onset of transition on the suction surface is approximately at x/L x = 0⋅85. For FSTI = 4% the flow separation is at x/L x = 0⋅74 from computation and at x/L x = 0⋅77 in the experiment. The C p distribution compares well with the experiment as shown in Fig. 9(c) . The flow separation is predicted at x/L x = 0⋅72 for FSTI = 1% compared to x/L x = 0⋅73 of experiment. In the computation the flow reattaches earlier than it does in the experiment as can be observed in Fig. 9(d) from the difference in the pressure coefficient distributions between x/L x = 0⋅8 to 0⋅85. Overall, computations compare well with the experiments. Detailed comparisons of computations with experiments of Lake et al (3, 17) are given in Suzen et al (30) .
PAK-B blade cascade experiments of Huang et al (18)
Huang et al (18) conducted experiments on PAK-B blade cascade for a range of Reynolds numbers and turbulence intensities. The Reynolds numbers range from 10,000 to 100,000 based on inlet velocity and axial chord which correspond to 11,036 to 110,360 based on inlet velocity and chord length. The freestream turbulence intensity levels considered in the experiments were 0⋅08%, 1⋅6%, and 2⋅85%. In the computations, experiments performed for Reynolds numbers 50,000, 75,000, and 100,000 were considered. Pressure coefficient data is available for all cases and detailed boundary-layer measurements are available for Re = 50,000, 75,000, and 100,000 with FSTI = 0⋅08% and 2⋅85% cases.
The computed pressure coefficient distributions are compared to experimental data in Fig. 10 . The computations with the transition model compare well with the experimental data for all cases considered. In this figure the comparisons are organised such that the vertical axis denotes the freestream turbulence intensity whereas the horizontal axis corresponds to Reynolds number. At a given FSTI, for example 2⋅85%, as Reynolds number is increased from 50,000 to 100,000, the extent of the separation bubble on the suction surface of the blade characterised by the plateau in the pressure coefficient distribution gets smaller as can be observed from Fig. 10 . Also, at a chosen Reynolds number, for example Re = 75,000, if the FSTI is increased from 0⋅08% to 2⋅85% the same trend in separation bubble size is observed. The change in separation bubble size can be clearly seen in the velocity profile comparisons shown in Figs 11 and 12 for Re = 75,000, FSTI = 0⋅08%, and FSTI = 2⋅85%, respectively. The separation bubble for FSTI = 0⋅08 cases is much longer and thicker when compared to the FSTI = 2⋅85% case. The computed velocity profiles compare well with the experimental data illustrating the ability of the model to capture the effects of Reynolds number variations, FSTI, and flow separation on transition. Further detailed comparisons of computations with experiments of Huang et al (18) are given in Suzen et al (30) . (19) Volino (19) investigated the boundary-layer separation, transition, and reattachment under low-pressure turbine aerofoil conditions. The experiments included five different Reynolds numbers in terms of inlet velocity and chord length ranging between 10,291 to 123,492 and freestream turbulence intensities of 0⋅5% and 9%. The test section consisted of a single passage between two PAK-B blades. The compiled data include pressure surveys, mean and fluctuating velocity profiles, intermittency profiles, and turbulent shear stress profiles. These experimental results provide detailed documentation of the boundary layer and extend the existing database to lower Reynolds numbers.
PAK-B blade experiments of Volino
Computed pressure coefficient distributions are compared to experiments in Figs 13(a) through 13(d) for Re = 82,324, 41,162, 20,581, and 10,291 with FSTI = 0.5%. Computed velocity profiles are compared to experiment at 11 stations along the suction surface of the blade in Figs 14 through 17 for these Reynolds numbers. Overall, the computed velocity profiles and pressure coefficients compare well with the experimental data. Details of the experiments of Volino (19) and further comparisons of predictions with experiments are given in Suzen et al (30) .
Unsteady wake-blade interaction experiments of
Kaszeta et al (20, 21) In order to investigate the effects of periodically passing wakes on laminar-to-turbulent transition and separation in a low-pressure turbine passage, Kaszeta et al (20, 21) conducted a number of experiments. The test section was designed to simulate unsteady wakes in turbine engines for studying their effects on boundary layers and separated flow regions over the suction surface. The turbine blade passage simulator used in the experiment was a modified version of the simulator used by Qui and Simon (38) and Simon et al (15) consisting of a single suction surface and a single pressure surface to simulate a single PAK-B turbine blade passage. In order to produce the periodic wakes upstream of the turbine blade leading edge a wake generator was added. The wake generator consisted of a moving sled assembly which contained a series of 0⋅635cm steel rods to simulate wakes emerging from upstream turbine stages in a LPT. A cross-sectional view of the experimental facility is shown in Fig. 18 . The spacing between rods and between blade surfaces is 80% of the blade chord length. The rods are located 12 rod diameters upstream from the leading edges. In the experiment, the Reynolds number based on the suction surface length and exit velocity is 50,000 (~22,875 based on inlet velocity and chord length) and the freestream turbulence intensity is 2⋅5%. The initial set up has the rod spacing equal to the blade pitch (L r /P = 1). In order to examine the effects of reduced wake frequency, additional experiments were performed increasing the rod spacing to twice the blade pitch (L r /P = 2) while keeping everything else the same. In addition, effects of elevated approach flow turbulence intensity are also investigated (20, 21, (39) (40) (41) . (18) , Re = 75,000, FSTI = 0⋅08%. Figure 12 . Comparison of computed velocity profiles with experiment for experiments of Huang et al (18) , Re = 75,000, FSTI = 2⋅85%. (19) . Figure 14 . Comparison of computed velocity profiles with experiment for experiments of Volino (19) , Re = 82,324, FSTI = 0⋅5%. Figure 15 . Comparison of computed velocity profiles with experiment for experiments of Volino (19) , Re = 41,162, FSTI = 0⋅5%.
The experiment of Kaszeta et al (20, 21) is simulated using the forty three zone multi-block grid shown in Fig. 19 . Three rod grids are overset in zones extending outside from the bottom and top of the inflow channel. These zones combined with the rod grids slide up with the specified experimental rod speed value of 70% of the axial flow velocity and periodic boundary conditions imposed at top and bottom boundaries in order to simulate continuous succession of rods.
The grid system shown in Fig. 19 corresponds to the experimental set up with the rod spacing equal to the blade pitch referred to as 'high wake frequency case'. In order to simulate the reduced wake frequency case where the rod spacing is twice the blade pitch (referred to as 'reduced wake frequency case'), only one rod grid is employed and the length of the zones extending outside the inflow channel were adjusted to enable employment of periodic boundary conditions at top and bottom boundaries.
The comparisons of the computed and experimental mean velocity profiles for the high and reduced wake passing frequency cases are presented in Figs 20 and 21, respectively. In Fig. 20 , the comparison is considered to be fair. The simulations predict a larger separation bubble evident from the velocity profiles at stations P9 through P12. (19) ), Re = 20,581, FSTI = 0⋅5%. Figure 17 . Comparison of computed velocity profiles with experiment for experiments of Volino (19) ), Re = 10,291, FSTI = 0⋅5%. Figure 18 . Cross-sectional view of the wake generator passage, Kaszeta et al (20 ) . Figure 19 . Multi-block grid system used for simulating experiment of Kaszeta et al (20, 21) . Figure 20 . Comparison of mean streamwise velocity profiles at Stations P04 through P13 for high wake passing frequency case of Kaszeta et al (20, 21) .
It should be noted that the hot wire is not adequate for velocity measurement when flow separation occurs. The fact that the experimental data do not approach zero, as at stations P9 to P11, indicates that the flow may be separated. The comparison of mean velocity profiles for the reduced wake passing frequency case shown in Fig. 21 illustrate the good agreement between the simulations and the experiments. It must be noted that the discrepancy between the profiles in the near wall region at stations P10 through P12 in Fig. 21 is due to the inability of the hot wire to measure reversed flows.
The pressure coefficient distribution comparisons are given in Fig.  22 . In this figure the experimental data correspond to wake-free steady-state flow. The computed results include fully turbulent and transitional simulations for the high wake passing frequency case, transitional simulations for reduced frequency case and wake-free steady-state case.
The experimental data show a plateau of the pressure distribution after x/L x = 0⋅7 indicating a flow separation while the fully turbulent computation misses it completely. The simulation for the high wake frequency case incorporating the intermittency transport model indicates separated flow in that region, however, the extent of the separation zone is shorter when compared to the wake-free computation and experiment. These results agree with the conclusions drawn from the experiments that the effect of passing wakes is to change the location of separation and reduce the size of the separation bubble due to increase in turbulence levels by wakes when compared to wake-free flow. For the reduced frequency case, separation bubble is larger than the high wake frequency case and closer in size and location to experiment and wake-free computation. It is evident that the effect of reduced wake frequency is to enlarge the separation zone. This is due to the fact that the reduced wake frequency, that is, increased wake temporal spacing, allows the boundary layer on the suction surface of Figure 21 . Comparison of mean streamwise velocity profiles at Stations P04 through P13 for reduced wake frequency case of Kaszeta et al (20, 21) . Figure 22 . Pressure coefficient comparison for experiment of Kaszeta et al (20) . Figure 23 . Details of the bar passing cascade from Stieger (22) . Figure 24 . Multi-block grid system used in simulations of experiments of Stieger (22) .
the blade a much longer time to recover from the perturbations of the wakes and allows the boundary layer to reach a state which is much like the steady flow case without the moving bars. Overall, simulations were able to capture the flow features well for experiments of Kaszeta et al (20, 21) . The prediction capabilities of the intermittency transport model for simulations of unsteady wake-blade interaction flowfields are illustrated. Further details of these simulations can be found in Suzen and Huang (25) .
Unsteady wake-blade interaction experiments
of Stieger (22) The experiments performed by Stieger (22) involve T106 turbine blade cascade subjected to wake passing from a moving bar wake generator. These experiments were conducted in order to investigate the interaction of a convected wake and a separation bubble on the rear suction surface of a highly loaded low-pressure turbine blade. The wakes shed from upstream blade rows in a real turbine are simulated by an array of cylindrical bars moving across the inlet plane of the cascade. The unsteady wake-passing flow conditions were chosen to match those of a repeating stage of the T106 profile. The Reynolds number based on chord and inlet velocity was Re = 91,077 and the freestream turbulence intensity was FSTI = 0⋅1%. The flow coefficient for the cascade was φ = 0⋅83. The bar pitch matched the cascade pitch so that s b /s c = 1. The bar diameter of 2⋅05mm was chosen to match the loss of a representative turbine blade. The cascade incidence was set to α 1 = 37⋅7°. The details of the T106 cascade set up are shown in Fig. 23 and are summarised in Table 1. In the experiments, a series of boundary-layer traverses were performed using 2D LDA. The results obtained provided new insight into the wake-induced transition mechanisms on low-pressure turbine blades.
Simulations of experiments of Stieger are performed using the multi-block grid system consisting of 18 zones and 0⋅8m grid points shown in Fig. 24 . The rod grid shown in the inset and the two zones it overlaps move with the specified bar speed of 1⋅2 times the axial flow velocity. The grid system has the first y + less than 0⋅5 near solid walls. The origin is located at the leading edge of the blade for this grid system. Periodic boundary conditions are employed at top and bottom boundaries.
Predicted instantaneous and phase averaged vorticity isocontours are shown in Figs 25(a) and (b) , respectively. In this case the Reynolds number based on bar diameter and flow speed over the bar is 1,650. The instantaneous vortex shedding behind the bar is sharper and the wake is narrower when compared to the phase averaged contours. The smoothing effect of phase averaging is evident from the wake velocity profile shown in Fig. 26 .
In Fig. 26 , the predicted wake velocity profile is compared to experiment at a location of x/C = -0⋅04 before the blade leading edge. The phase averages of five different sets of six-cycle data is shown along with the phase average of hundred cycles. The fluctuations are apparent in each of the six-cycle averages. However, these fluctuations are smoothed out as a larger number of cycles are included in averaging. The average of 100 cycles closely represent the wake profile observed in the experiment. Stieger (22) .
(b) Phase averaged (a) Instantaneous Figure 25 . Computed vorticity contours for experiment of Stieger (22) .
The predicted time average pressure coefficient distribution compares well with the experiment as shown in Fig. 27 . In this figure the steady state experiment without the moving bars is also included in order to illustrate the effect of wake interaction on the suction side pressure distribution. In the steady state case, there is a large separation bubble on the suction side of the blade characterised by the plateau in the pressure coefficient distribution between s/s o = 0⋅7 and 0⋅83. On the other hand, time average Cp distribution obtained from the case with moving bars does not exhibit such a plateau, indicating attached mean flow over the suction surface. This is due to the effect of the wakes interacting with the boundary layer on the suction surface causing transition to turbulence and hence reducing the susceptibility of the flow to separate.
Comparisons between the computed and experimental phaseaveraged streamwise velocity variations at nine stations on the suction side of the blade are shown in Figs 28(a) through 28(i). In these figures, the horizontal axis corresponds to the phase angle in degrees and the vertical axis correspond to the distance normal to the wall nondimensionalised by chord. The numerical results are in good agreement with the experiment. The movement of the wake interaction region characterised by the maximum velocity is captured well in the simulations.
The predicted mean velocity profiles at nine stations along the suction surface are compared to experiment in Fig. 29 . The simulations agree very well with the experimental data.
The good agreement obtained between the simulations and the experimental data illustrate the predicting capabilities and versatility of the transition model in predicting unsteady wake-blade interaction flowfields.
CONCLUDING REMARKS
A transport equation for the intermittency factor is employed to predict a wide range of low-pressure turbine experiments representing the effects of diverse flow conditions on transition including the effects of pressure gradients, freestream turbulence intensities, Reynolds number variations, flow separation/reattachment, and unsteady wake-blade interactions. The intermittent behaviour of the transitional flows is taken into account by modifying the eddy viscosity with the intermittency factor. Comparisons of the computed and experimental data are made and overall good agreement with the experimental data is obtained demonstrating the predicting capabilities of the current intermittency approach and the intermittency transport model. Although its dependence on the boundary-layer momentum thickness and streamwise distance limits its extension to three dimensional applications and unstructured grids, the success of the intermittency model and the accompanying 116 THE AERONAUTICAL JOURNAL MARCH 2005 Figure 27 . Comparison of computational and experimental pressure coefficient distributions for experiments of Stieger (22) . Figure 28 . Comparison of computed and experimental velocity distributions at various streamwise station on suction surface of the blade for experiments of Stieger (22) . Horizontal axis: phase angle (0 to 360 degrees). Vertical axis: wall normal distance y n /C (0 to 0⋅08). Contour levels: -0⋅5 to 2⋅2. Figure 29 .
Comparison of computational and experimental mean velocity profiles at various streamwise locations on the suction surface of the blade for experiments of Stieger (22) .
correlations in accurately predicting transitional low-pressure turbine flows under diverse conditions has proven that the intermittency transport modelling approach provides an accurate and practical computational tool for transitional flow simulations. The success of the model and in particular the intermittency transport modelling approach for two dimensional flow computations has been instrumental in development of a more advanced transition model by Menter et al (42) based on local variables which does not have the limitations of the current model and readily applicable to three dimensional simulations and unstructured grids.
